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This work aims to develop a carbon fiber/epoxy composite reinforced by metal fillers (Copper/Stainless steel) in order to 
improve the tribological properties. For this, a tribological study has been conducted using a ball-on-disc configuration. The 
surface of the material has been modified by deposing a layer of metal powder during manufacturing. For a better 
understanding of the wear mechanisms, the worn surface characteristics have been examined using a scanning electron 
microscope (SEM). The coefficient of friction and the wear rate under different normal loads have been determined for the 
filled and unfilled composite. The results obtained revealed an increase of the wear rate with the increase of the applied load. 
Metallic filled carbon–epoxy showed better wear resistance and friction behaviour under different loads. In fact, 
microhardness measurement showed that the surface hardness has been greatly influenced by the metal filler. The overall 
results illustrate the impact of metal powders in the modification of polymer matrix composites surfaces. This method is 
promising to improve the tribological properties.  
Keywords: Polymer matrix composites, Metallic fillers, Wear, Coefficient of friction.  
1 Introduction 
Polymer matrix composites (PMC) are being 
extensively used in a variety of fields, from aerospace 
and aircraft to industrial components due to their high 
specific strength and stiffness compared to metals1. In 
addition, considering a wide variety of matrix, 
reinforcement materials and the simplicity of the 
manufacturing process, the usage of this class of 
materials continues to grow at an impressive rate2. 
Among the family of technical thermosetting 
polymers, the epoxy matrix is widely used due to 
attractive mechanical and chemical properties3. 
Moreover, carbon fibers, through their mechanical 
properties, are frequently used as reinforcement in the 
high-performance composite; while, fibers glass are 
used as general reinforcement due to quality- price 
ratio4, 5. Under these latter considerations, more and 
more metal parts are being replaced by PMCs all over 
the world. Initial applications were focused on 
structural and semi-structural aircraft components. 
For many technical applications, wear and friction are 
critical issues when polymer matrix composites are 
used under vibrating contact condition. However, 
these materials present some drawbacks, related in 
particular to their surface properties, such as 
tribological behaviour and low wear resistance. 
Tribological research includes the application of 
friction principles, wear, and lubrication6. Surface’s 
interactions in micro-components are becoming 
increasingly important for the development of new 
products for modern industry7. It is admitted that the 
friction and wear are phenomena often leading to 
efficiency loss and a decrease in the lifetime of 
mechanical systems8.  
In a review of the literature concerning abrasive 
wear of polymers, H.H Parikh et al.9 have identified 
the effect of material parameters and various 
operating parameters on the tribological behavior of 
PMC. They conclude that the on wear rate and 
friction coefficient of the composites depend on the 
materials selected polymeric matrix and 
reinforcement, fiber volume fraction, fiber 
orientation, fiber length,  surface treatments, and 
manufacturing process.  Also, the operating 
parameters greatly affect the tribological behavior of 
PMC, and the most influenced parameters are load, 
sliding distance, sliding velocity, and temperature9.  In 
fact, B. Suresha et al.8, 10 have concluded that 
carbon/epoxy composite has higher specific wear 
resistance than fiber glass/epoxy composite, due to 
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high specific strength and specific modulus of carbon 
fiber. In that case, the reduced coefficient of friction is 
largely influenced by the reinforcement (carbon fiber) 
due to the auto-protecting film formed as a paste in 
the contact area and along the wear track edges11. 
Cenna et al.12 studied abrasion resistance of three 
types of vinylester resin composite unreinforced, 
fiberglass reinforced and particles of ultra-high 
molecular weight polyethylene reinforced. They 
established that reinforced composites show enhanced 
wear resistance. Cirino et al.3, 13 studied the impact of 
fiber type and content on sliding and abrasive wear 
behaviour of polyether ether ketone based composite. 
They reported that the wear rate decreases with 
increase in the fiber content.   
It is well known that the wear and friction 
coefficient can be reduced by utilization of lubricants 
or changing the surface properties of solids by one or 
more of ‘‘surface engineering’’ processes14. 
Considering the difficulty of applying conventional 
surface treatments to PMCs (e.g., coating or heat 
treatment), many researchers investigate the potential 
of filler materials to improve tribological properties of 
polymer matrix composites. Various fillers were used 
(e.g., carbon nanotubes (CNT)15, 16, copper particles17 , 
titanium oxide powder (TiO2)18, 19, graphite fillers10, 20, 
silicon21,  silicon carbide (SiC)22, Silica (SiO2)23,  hard 
powders like tungsten carbide (WC) and tantalum 
niobium carbide (Ta/NbC)24, and submicron spherical 
cenosphere25). This method is promising for wear 
resistant composite materials even at very low filler 
content. Moreover, it is possible to have different 
properties at different locations of the PMC cross-
section, e.g., a high wear resistance on the outside, 
and a high toughness and damage tolerance on the 
inside26. Basava T et al.21 demonstrated that Silicon 
can be successfully used as filler materials for 
fabrication of Epoxy /Glass fiber based hybrid 
composites in order to improve significantly the wear 
resistance.  N. Mohan et al.24 observed that the 
abrasive wear volume loss increases with the increase 
in abrading distance/applied load for all the 
composites, and that the filled one showed better 
abrasion resistance for all test parameters.  Sunil 
Thakur et al.25 found that the load and filler content 
are the main parameters among the five controllable 
factors (roughness, sliding distance, speed, load, filler 
content). Nevertheless, the mechanisms of modifying 
the tribological performances in polymer composites 
are not fully understood. After the literature 
summarises and the understanding of composites 
abrasive wear behaviour. It may be concluded that 
composites design/elaboration process influence the 
tribological properties27. Hence, this work focuses on 
the development of a composite reinforced by 
metallic powder filler (Copper-Steel) in order to 
improve the tribological properties. 
 
2 Materials and Methods  
2.1 Elaboration of specimens 
The epoxy resin (EPOCAST® 50-A1 resin/hardener 
9816, Huntsman Advanced Materials Americas Inc, 
Los Angeles, CA, USA), was used as the matrix. The 
carbon fiber and fiberglass were used as reinforcements 
(Hexcel, Seguin, TX, USA). A metallic powder used as 
a filler was a mixture of copper and stainless steel. Pure 
Cu powder (electrolytic copper, Metco 55,Oerlikon 
Metco, Westbury, NY, USA) was used; with an 
average particle size of 47  18 µm, varying from 38 
μm to 90 μm. The used martensitic stainless steel 
alloy powder is gas atomised (Metco 42C, Oerlikon 
Metco, Westbury, NY, USA), with an average particle 
size of 63  24 µm, vary from 45 μm to 106 μm. The 
particle size of powders was measured using a 
particle-sizing instrument (MASTERSIZER 2000, 
MALVERN Instruments, United Kingdom). The 
minimum and maximum size values the two Metco 55 
and Metco 42C were given by a data sheet ( Oerlikon 
Metco 2014: Material Product Data Sheet, Pure 
Copper Thermal Spray Powders, Metco 55) and 
(Oerlikon Metco 2017: Material Product Data Sheet, 
Martensitic Stainless Steel Powders for Thermal 
Spray, Metco 42C), respectively. 
Three polymer matrix composite panels were 
produced by vacuum moulding and cured via a 
heating system at 60 °C. The matrix was prepared as 
recommended by the resin manufacturer, 100 parts by 
weight of Epocast 50-A1 resin were mixed with 15 
parts by weight of Hardener 946 and blended 
mechanically for about 2 min. For more details of the 
set-up reference is made to our previous 
publications28, 29. The designations and composition of 
the specimens are shown in Table 1. The panel (PMC 
Table 1— Designations and composition of the specimens. 
Designations composition 
PMC G-E Fiberglass fabric reinforced epoxy composites 
PMC C-E Carbon fiber fabric reinforced epoxy composites 
PMC C-E Filled Carbon fiber fabric reinforced epoxy composi
whit filler top layer based on copper and stainle
steel powders  
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G-E) was reinforced by a satin fabric, whereas the 
panel (PMC C-E) was reinforced with a carbon/fiber 
plain weave TAFTAS. Laminates panels consist of 
six layers oriented at 0° and 90°. The fiber volume 
fraction (Vf) was about 45 %. The panel (PMC C-E 
Filled) was also based on the carbon/epoxy 
composite. In order to improve the surface properties 
of the specimens, a metallic powder (a mixture of 
copper and stainless steel) was added to the surface. 
This filler was chosen owing to its ability to combine 
hardness and ductility. Before curing, PMC panel was 
manually enrobed with a layer of the metallic powder 
on the upper face. Before sealing the system, a 
flexible pumping hose is placed on the side to perform 
the air suction operation using a vacuum with a feed 
pressure of 87 psi for about 6 hours (L100, PIAB, 
Sweden). This allow to press the composite on the top 
surface, and the particles were lightly pressed. The 
excess of the resin flowed out of the fabric, and the 
particles were encapsulated on the top face. For 
tribological testing, the samples were polished to 
achieve a reference surface.  
 
2.2 Characterization techniques 
Tribological tests were carried out on a ball-on-
disk tribometer (CSM tribometer,CSM instruments 
inc, Peseux, Switzerland) according to ASTM G99-
0516 (Fig. 1), A ball is placed in contact with the 
sample surface under a predetermined load which 
generates a friction force. Figure 1(a) illustrates the 
components of the machine 1: load, 2: Elastic arm, 3: 
Friction force sensor, 4: Adjustment of track diameter, 
5: motor, 6: pin (ball holder). The wear rates are 
calculated by determining the loss of volume during 
the test. 6 mm diameter hardened steel ball was 
involved as the counter body30. All tests were 
conducted at room temperature, considering 2.4 mm 
as tribological diameter, the angular velocity, and the 
sliding cycle were 400 turns/min and 12500 cycles, 
respectively. 2, 4, and 8 N normal loads were applied. 
During sliding, the friction coefficient was 
continuously measured and recorded in real time by 
the computer software of the tribometer (TriboX). At 
the end of each test, the wear rate (W) in mm3.m-1 of 
each specimen was calculated using the Eq. (1).  
 
Ws= Vdisk ∕ DS  ... (1) 
 
Where, Ds is the sliding distance (m), and Vdisk is 
the disc volume loss. Vdisk is given by Eq. (2).  
 
Vdisk= 2πR [r2sin-1(d∕2r)-(d∕4)(4r2-d2) (1∕2)] … (2) 
 
where, R is the radius of the wear track (mm), d is the 
width of the wear track (mm), and r is the radius of 
the ball (mm) (Fig. 1b).   
The width of the wear track (d) was determined 
from micrographs using an optical microscope 
(Eclipse 3000, Nikon instruments, Melville, NY, 
USA) and image analysis software (ImageJ). At least 
four measurements were taken per sample at different 
positions in the track, and the average values were 
reported. The specimens were cut and polished using 
polishing papers of 400, 600, 800, and 1200 grit 
 
 
 
Fig. 1 — CSM Tribometer (a) Components of the CSM ball-on-disk tribometer. 1: load, 2: Elastic arm, 3: Friction force sensor,
4: Adjustment of track diameter, 5: motor, 6: pin (ball holder) and (b) Installation system. 
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silicon carbide, then polished using solutions of 
aluminum oxide (Al2O3). Wear surfaces morphologies 
and composition were analysed by a scanning electron 
microscope (SEM) JEOL JSM 6360 (JEOL, 
Akishima, Tokyo, Japon) equipped with energy 
dispersive spectroscopy (EDS). To ensure proper 
dissipation of any accumulated electrical charges, 
PMC samples were coated with a thin gold layer 
using sputter machine. The arithmetic average 
roughness (Ra) was chosen to evaluate Surface 
roughness via a piezo-electric transducer roughness 
meter (TR100, TIME group Inc. Cologne, 
Germany). The Vicker’s microhardness (HV0.1) was 
measured using a microhardness instrument 
(Shimadzu HMV-2 from Shimadzu Co, Kyoto, 
Japan). Ten indentations were performed on polished 
sections of mounted samples; a load of 100 g was 
applied for a dwelling time of 10 s. This in according 
to the ASTM standard E92−1731. DEKTAK 150 
surface profiler (Veeco instruments, Plainview, NY, 
USA) allows plotting a profile curve of the wear track 
for different loads.  
 
3 Results and Discussion 
After manufacturing, the quality of panels was 
assessed by ultrasonic scanning using portable 
ultrasonic flaw detector (Krautkramer USN 50 L, 
Krautkramer, Germany). After the measurements on 
each plate, the thickness difference does not exceed ± 
0.10 mm for all plates. Considering the value of the 
thickness of the plates (≈ 2.5), It is clear that this 
difference can not be considered in any case as a 
delamination). Therefore, no internal crack was 
observed, meaning that they had no considerable 
defect. The porosity values of the different samples 
obtained by image analysis are reported in Table 2. It 
is observed that all the composites present low 
porosity values. Also, Table 2 reports the surface 
roughness values (Ra) of the polished samples; given 
as following 0.45 ± 0.04, 0.69 ± 0.08 and 3,38 ± 0,6 
µm for PMC G-E, PMC C-E, and PMC C-E Filled 
respectively. Divergent property reinforcements do 
not allow having a uniform surface roughness. The Ra 
value of PMC C-E Filled is about 7,5 and 5 times 
higher than those of PMC G-E and PMC C-E, 
respectively.  The high Ra value of PMC C-E Filled 
may be attributed to the pull out of some powder 
particles during sample polishing. This phenomenon 
can be explained by the poor adhesion between the 
matrix (epoxy) and the powder compared to the fiber-
epoxy interface.  Furthermore, the powder particle 
size is close to that of sandpaper abrasive granule32. 
Nevertheless, polishing removes the layer of excess 
resin, which may falsify the tribological results. The 
microhardness HV0.1 shows that the surface hardness 
is significantly affected by the powder. Indeed, the 
surface hardness increases from 3.53 ± 0.4 and 2.31 ± 
0.6 HV0.1 for (PMC C-E) and (PMC G-E), 
respectively, to 69.85 ± 5.3 HV0.1 and 397.33 ± 23.5 
HV0.1 for copper powder and stainless steel powder, 
respectively. This divergence in hardness might 
influence the tribological behaviour of composites.  
Figure 2 present typical variations of the frictional 
coefficient of PMC C-E and PMC C-E Filled 
Table 2 — Porosity and average surface roughness values  
(Ra) of PMCs. 
Specimen Porosity (%) Ra Average roughness 
(µm) 
PMC G-E 3.2 ± 0.6 0.45 ± 0.04 
PMC C-E 4.3 ±  0.3 0.69 ± 0.08 
PMC C-E Filled 5.02 ± 0.7 3.38 ± 0.60 
 
 
Fig. 2 — Friction coefficient as a function of cycle number, at 
different loads (2, 4 and 8N) (a) PMC C-E and(b) PMC C-E Filled. 
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composites under 2, 4, and 8 N obtained after 12500 
cycles at a speed of 400 turns/min.  The curves exhibit 
two separate phases: transitory and permanent phase. 
In the transitional regime, the coefficient of friction 
varies from a static value to reach the maximum 
value, characterising the initial step of the friction 
process, where the exposed fibers and powders are 
removed from the matrix to form the third body. At 
the second phase, no significant variation in the 
friction coefficient is observed. Further, an 
equilibrium balance between the sample surface, 
counterpart, and the third body is established, and the 
wear phenomenon pursues a permanent regime. The 
curves have general appearance as sliding dry friction 
curves27. The friction coefficient was calculated from 
the sliding process curves at the middle of the 
permanent regime. The results obtained are reported 
in Table 3. One could notice that the friction 
coefficient PMC C-E decreases with the increase of 
the load. This may be due to the rupture of carbon 
fibers, which has lubricating property8. In fact, 
increasing the load leads to an increase in the volume 
of carbon fragments, thus facilitating the sliding. On 
the other hand, not significant variation in the friction 
coefficient was observed for the PMC C-E Filled 
composite. However, to reach the permanent regime, 
the PMC C-E Filled composite requires more time 
compared to PMC C-E composite. This might be 
attributed to the high surface roughness of the sample 
and the requisite time to remove the surfaces asperities.  
The variation of the wear rate of the different 
composites PMC C-E Filled, PMC C-E, and PMC C-
G with respect to the normal load is illustrated in  
Fig. 3. The results reveal an increase in the wear rate 
with the increases in the applied load. Higher wear 
resistance is recorded for PMC C-E compared to 
PMC G-E composite. This is due to the high specific 
modulus and self-lubricating nature of carbon fiber in 
comparison to the glass fiber. Further, carbon fiber 
reinforced epoxy filled with metallic powder presents 
the highest wear resistance. Among the studied 
composites, the wear resistance tendency occurred in 
the order: PMC C-E Filled > PMC C-E > PMC G-E 
for different loads of 2, 4, and 8 N. This might be 
attributed to the improvement of hardness surface18, 
12. Moreover, the results indicate that the wear 
performance is directly related to the surface hardness 
of composites (PMC C-E Filled > PMC C-E > PMC 
G-E). The mixture of copper and stainless steel 
powder provides good balance between hardness and 
ductility. Figure 4(a) shows the typical wear track 
cross-profiles at longitude corresponding to 
Carbon/epoxy (C-E) sample at different loads. Also, a 
comparison between the wear behaviour of PMC C-E 
and PMC C-E Filled at a load of 2 N is illustrated in 
Fig. 4b. The profilometry results are in agreement 
with wear rate ones (Fig. 3). The curves show typical 
profiles of the wear tracks on general ball-on-disk 
tribometer test where the wear track section is as a 
semicircle.  Furthermore, a significant decrease in 
wear resistance is observed at a load of 8 N, which 
corresponds to an increase in profile depth from 2 to 8 
N load. Furthermore, the results reveal that wear track 
is more homogeneous in the case of PMC C-E Filled. 
The cross-profiles fluctuations observed on PMC C-E 
(Fig. 4b) may be explained by the rupture of carbon 
fiber. SEM microphotographs of the worn surface of 
the PMC G-E sample at different magnification are 
illustrated in Fig. 5 (a, b).  As it is observed in Fig. 5a, 
the wear track exhibits a regular width and severe 
damage on the worn surface. The morphology also 
shows the fractures of glass fibers (Fig. 5b). The 
fracture of fibers is due to abrasion wear, resulting in 
fibers fragments torn from the matrix8. Further, the 
Table 3 — The friction coefficient of PMC C-E and PMC C-E 
filled obtained after 12500 cycles at a speed of 400 turns/min. 
Specimen Load (N) friction coefficient (µ) 
PMC C-E 2 0.51 ± 0.92 
4 0.36 ± 0.43 
8 0.26 ± 0.65 
PMC C-E Filled 2 0.32 ± 0.02 
4 0.31 ± 0.01 
8 0.28 ± 0.02 
 
 
 
Fig. 3 — Wear rate evolution of PMC C-E Filled, PMC C-E and 
PMC G-E at   different loads (2, 4 and 8N) after 12500 cycles. 
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higher wear rate in PMC G-E may be attributed to 
lower fiber–matrix adhesion.  
Surface damage of Carbon epoxy composite (PMC 
C-E) was evaluated using optical micrograph after 
wear test under 8 N, load as illustrated in Fig. 5c. It is 
clear from this micrograph that the track width is 
affected by the matrix and reinforcement.  The width 
track in the epoxy area (d1) is significantly higher 
than that in the reinforcing area (d2). This should be 
attributed to higher hardness and wear resistance of 
carbon fiber compared to epoxy. It is obvious that 
fiber reinforcement has a positive effect on the wear 
resistance of the epoxy matrix33.  Owing to the Tafta 
form of carbon fabric, surface heterogeneity is 
observed, resulting in larger friction curves. This 
correlation indicates that during the ball sliding on the 
sample (PMC C-E) the vibration involves a large 
standard deviation between minimum and maximum 
values of friction coefficient (Fig 2a).  However, the 
wear track surface of PMC C-E is relatively smooth 
with less visible fiber fragmentation comparing to 
PMC G-E composite. Figure 6 exhibits an overall 
view of the filled system on the top of PMC, after 
tribological testing at 8 N load. The powder is 
encapsulated by epoxy resin and forms a matrix for 
the powder layer. The adhesion provided by the epoxy 
prevents powder from moving under the composites 7. 
Generally, a homogeneous distribution of powder is 
noticed; although there are few areas rich in stainless 
steel powder and poor of copper powder and vice 
versa. Figure 6(b) illustrates the wear track at X 150 
magnification. The worn surface is characterised by 
an adhesive wear of the epoxy and cracks formation at 
the interface between the epoxy resin and metallic 
 
Fig. 4 — Cross-profiles of the wear track (a) The profile depth of
wear track at a longitude corresponding to Carbon-epoxy (C-E)
sample at different loads 2, 4 and 8N and (b) Wear track of
Carbon-Epoxy (C-E), and Carbon epoxy filled composite (Cu-Fe)
at a load of 2N. 
 
Fig. 5 — Wear track microphotographs (a) & (b) SEM
micrograph of wear track surface of PMC G-E at different 
magnification and (c) Optical micrograph of wear track surface of 
PMC C-E. 
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powder. Indeed, the small variation of friction 
coefficient at maximum and minimum intervals in the 
case of PMC C-E Filled (Fig. 1b) may be attributed to 
the homogeneous surface due to the metallic  
powder layer. 
The EDS results of PMC C-E Filled composite 
wear track into the points mentioned in the Fig. 6b are 
shown in Fig. 7. One could observe a high content of 
oxygen in the stainless steel powder due to friction 
strength that increases the temperature at the interface 
between powder and stainless steel ball. Nonetheless, 
copper powder is not affected by oxidation. For the 
epoxy area, the presence of some impurities and 
debris from powder and ball are recorded. 
 
4 Conclusions 
This work is devoted to study the tribological 
behaviour of polymeric matrix composites 
(PMC) reinforced with glass and carbon fiber. A 
promising solution to enhance wear resistance of 
PMC with limited additional weight of a metallic 
powder (a mixture of copper and stainless steel) 
was investigated. The tribological measurements 
showed an increase of the wear rate with the 
increase of the normal load for all samples. The 
addition of the metal powder improves the wear 
resistance and friction coefficient of PMC. 
Moreover, the surface hardness and roughness 
have a considerable influence on the tribological 
properties of the composites. The Overall results 
illustrate the impact of metal powders in the 
modification of polymer matrix composites 
surfaces. This method is promising to improve 
the tribological properties of polymer matrix 
composites. 
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Fig. 6 — SEM micrographs (a) Top side of carbon/epoxy composite- including the powder layer (Cu-Fe) after wear test, under 8N and 
(b) PMC C-E Filled at X150 magnification and the points of Chemical analysis. 
 
 
 
Fig. 7 — Chemical analysis by EDS on the wear track into the points mentioned in the Fig. 6b, (a) Resin epoxy, (b) Copper powder and
(c) Stainless steel powder. 
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